Alternative splicing (AS) is a mechanism by which multiple types of mature mRNAs are generated from a single pre-mature mRNA. In this study, we completely sequenced 1800 full-length cDNAs from Arabidopsis thaliana, which had 5 0 and/or 3 0 sequences that were previously found to have AS events or alternative transcription start sites. Unexpectedly, these sequences gave us further evidence of AS, as 601 out of 1800 transcripts showed novel AS events. We focused on the combination patterns of multiple AS events within individual genes. Interestingly, some specific AS event combination patterns tended to appear more frequently than expected. The two most common patterns were: (i) alternative donor -012 times of exon skips -alternative acceptor and (ii) several times (8) of retained introns. We also found that multiple AS events in a transcript tend to have the same effects concerning the length of the mature mRNA. Our current results are consistent with our previous observations, which showed changes in AS profiles under different conditions, and suggest the involvement of hypothetical cis-and trans-acting factors in the regulation of AS events.
Introduction
Alternative splicing (AS) is a mechanism by which multiple forms of mature mRNAs are generated from a single pre-mature mRNA. The most recent genomewide analysis of AS events in Arabidopsis thaliana found that .4700 transcribed pre-mature mRNAs were alternatively spliced. 1 The number of known AS events in Arabidopsis has recently been increasing. AS events are important because they diversify the proteome. The impacts of AS events on the human transcriptome and proteome are also well known. In humans, 70% of all genes are thought to be The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oxfordjournals.org alternatively spliced. 2, 3 It is thought that many kinds of proteins are translated from the limited number of genes encoded by the human genome. Compared with humans, there are fewer known AS events in plants. AS events in Arabidopsis occur in around 20% of all known genes. 1 Although the number of AS events is small, some important AS events have been described in Arabidopsis. For example, the floral promoter FCA, disease resistance protein RPS4 and splicing factor atRSZ33 are known to undergo AS. 4 -6 AS events are not only important sources for the diversification of the proteome, but they also have an important role in post-transcriptional regulation. In a previous study, we reported that the pattern of AS events on a genome-wide scale (called AS profiles) was affected by stress conditions and tissue types, especially by cold stress. 7 In a full-length cDNA library from cold-treated plants, cassette exons tend to be selected in mature mRNAs, and introns tend to be retained. Several recent studies have also found that stresses and/or tissue types affect the selectivity of AS events. 8 -10 Recently, several novel technologies have been established, which have improved our ability to study the transcriptome. For studying AS events on a genome-wide scale, a microarray approach, with probes designed for each exon 11 or covering the whole genome, 2,3 may prove useful. However, it is difficult to elucidate the entire sequence of AS variants with these methods. The best way to analyze the exact AS events for every transcript is still to make libraries of full-length cDNAs and sequence them. In 2004, we found 2092 AS events after analyzing 278 000 sequences from full-length cDNAs. 7, 12, 13 However, most of these sequences were partial reads from 5 0 or 3 0 regions of the full-length cDNAs. Because our previous studies tended to analyze AS events in terminal regions, we could not address impacts of these AS events on the full-length sequences and their coding potentials. In the current study, we chose 1800 cDNAs that had AS events or transcriptional start sites (TSSs) in their 5 0 /3 0 sequences, and sequenced them entirely. On the basis of these novel full-length cDNA sequences, we determined how many AS events occurred in each gene, how multiple AS events within a single gene affected each other and how AS events affected coding potentials.
Materials and methods
2.1. Selecting the full-length cDNAs for determination of the full-length sequences We used clones from the RIKEN Arabidopsis fulllength (RAFL) cDNA libraries. 12, 13 We classified the fully and partially read RAFL cDNA sequences based on their locations in the genome, AS events and TSSs. As a first step, we constructed transcription units (TUs) based on locations of the sequences in the genome. 7 Next, we checked for the existence of AS events, which were classified as exon skip (ES), alternative donor (AD), alternative acceptor (AA) or retained intron (RI) for each TU. A set of sequences, which did not have any AS events, was classified into an AS group. In some cases, a pair of transcripts in a particular TU lacked overlapping exons. In these cases, although no AS events were found, we classified these two transcripts into different AS groups.
Finally, we checked the TSSs for each AS group. If a pair of the 5 0 end read sequences or fully read sequences had TSSs with differences in length of .500 bp, we separated them into two different TSS groups. As a result, each transcript was classified into a group based on TU, AS and TSS. If a group lacked fully read transcripts, we chose one clone from this group as a target for determination of the fulllength sequences.
End and full-length sequencing
Plasmid DNA extraction was performed using an automated DNA isolation system (PI-1100, Kurabo), and end sequencing of the 1800 clones was performed with BigDye terminator ver.3 sequencing kits and ABI 3730 automated capillary DNA sequencers (Applied Biosystems). For full-length sequencing, template DNA was individually prepared from each plasmid DNA using the rolling-circle amplification (RCA) method (TempliPhi DNA amplification kit, GE Healthcare). A pooled sample, consisting of 768 RCA products, was subjected to shotgun sequencing (ABI 3730). Another pooled sample (1032 RCA products) was sequenced using a Genome Sequencer 20 System (454 Life Sciences/Roche). The generated contig sequences were then incorporated into the end sequence data using the Phrap/Consed system. 14 Primer walking was used to close gaps and resequence low-quality regions of the assembled data. The reconstructed cDNA sequences were completely covered by the Sanger reads. All sequences, excluding 55 sequences that were not mapped to the genome, were submitted to the DNA Data Bank of Japan (DDBJ) under the accession numbers AK316663 -AK317782 and AK318618 -AK319175.
Classification of transcripts as known or novel
All novel sequences were mapped to the genome sequence with BLAST and GeneSeqer 15,16 using a previously described method. 17 Next, the transcripts were classified as known or novel transcripts based on comparisons with annotated gene models.
In addition to the four types of AS events (ES, AD, AA and RI), to make a detailed classification of known and novel transcripts, we also checked for alternative structure events, in which transcriptional initiation or termination occurred within the introns of other transcripts (AI and AT). Unlike the method in Section 2.1, we ignored TSS differences in this step, even if those differences were more than 500 bases, because differences found in TSSs could have occurred during the sequencing of potential partial cDNAs.
For transcript classification, we used novel sequences and annotated gene model in The Arabidopsis Information Resource (TAIR), version 7, 18 which corresponded with the novel sequences. For these sequences, TU clustering and AS-group clustering were performed again, using a method similar to that described in Section 2.1. Every result was checked manually after the computational classification.
Analysis of the number of AS events per gene
To analyze the number of AS events per gene, we chose annotated gene loci with AS variants from TAIR. For the data set in the current study, we used novel sequenced transcripts and the annotated gene models, which were derived from corresponding loci with novel sequences. In this analysis, the number of AS events from each of the four types (ES, AD, AA and RI) was counted. The number of AS events was defined based on the type of AS event and the region affected by the AS event. We noted special cases of splice acceptors with more than three acceptor sites. In a case of an intron of three possible splice acceptor sites, two AS events were counted. One event was defined by the region affected between the first and the second acceptor sites, and the second event by the region between the second and third acceptor sites. If we had defined the AS events based on the combination of acceptor sites of the AS variant, there would have been three events. Therefore, the number of AS events would have increased dramatically due to the increased number of acceptor sites. The new method avoided this great increase in event numbers. There was also a similar rule about multiple AD sites. We compared the number of AS events found in each gene using a Mann -Whitney test and used R package (http://cran.r-project.org/) to calculate the P-values.
Analysis of the AS event combination patterns
In cases of transcripts with more than two AS events, we analyzed the pattern of AS combinations. For these analyses, we sorted AS events that were found in a transcript by the order of their locations. Then, we paired adjacent AS events according to their orders (i.e. first and second, second and third and so forth). Expectation values of each of the AS event combination patterns were calculated based on the probability of a single AS event. Statistical analyses were performed using binomial tests. We also used R package to calculate the P-values.
AS events could be classified based on their directions. We called AS events that made longer mRNAs 'in-type' events, which means regions affected by AS were included in the mRNAs. In the opposite cases, we called AS events that made shorter mRNAs 'outtype' events. We classified all the AS events as in-or out-type. Then, we counted the number of combinations for either the in-or out-types from adjacent AS events. Statistical analysis was performed using a chi-squared test with R package.
Prediction of coding sequences and analysis of the
effects of as events on functional motifs When transcripts were classified into known TUs, we determined their coding sequences (CDSs) based on their corresponding genes. For novel transcripts, we performed BLASTX searches against the annotated protein sequences encoded in mRNAs from the corresponding loci of TAIR. 15 From the result, we determined the core CDSs and phases, and then extended the CDS to its up-and downstream regions until we found the farthest initial codons and the nearest termination codons. The results were checked manually after the computational prediction. For transcripts classified as novel TUs, we searched CDSs based on a BLASTX search results using all protein sequences in TAIR's database (ftp://ftp.arabidopsis.org).
To assess the impact of AS events on the encoded protein sequences, we performed motif search analyses for the protein sequences encoded by the novel AS variants and corresponding annotated gene model. In this case, we selected the most similar protein sequences generated from the corresponding loci that were used as reference sequences. The motif search was performed with Pfam. 19 
Results and discussion

Full sequencing of 1800 full-length cDNAs
We determined the full-length sequences of 1800 RAFL cDNAs; 1657 reads (92%) had clear poly-A tails. The average length was 1495 nt, and the GC content was 42.9%. These features were quite similar to our previous sets of full-length cDNAs (average lengths were 1483 nt and GC contents were 42.8%). 12, 13 We mapped the transcripts with BLAST and GeneSequer. 15, 16 A total of 1745 transcripts were mapped to the Arabidopsis genome.
We could not find the corresponding loci for the other 55 transcripts (Fig. 1 ).
Classification of transcripts as known or novel
Out of the 1745 mapped transcripts, three lacked corresponding annotated genes in TAIR. They were classified as novel TUs. Another 14 transcripts were chimeric transcripts that were produced from two adjacent genes. In humans, a large number of such chimeric transcripts have been reported. 3, 20, 21 The current data set also showed that Arabidopsis had some chimeric transcripts. A total of 1129 transcripts had corresponding gene models in the annotated gene set (Fig. 1, Supplementary Table S1 ). Six transcripts had additional exons compared with the annotated gene models in TAIR. The remaining 597 transcripts had novel AS events and/or alternative structure variants (as a whole we called them AS variants). Out of them, 572 transcripts contained novel AS events that had been unknown. The others were AS variants that consisted of novel combinations of known AS events. In addition to these 597 novel AS variants, four chimeric transcripts had novel exonintron structures in comparison with annotated ones. In total, 601 transcripts were classified as novel alternatively spliced/structure variant transcripts (Fig. 1, Supplementary Table S2 ). AS events found in the 601 transcripts were summarized in Table 1 . We checked relative frequencies of each AS event within all AS events found in the novel transcripts and the novel AS events only within the transcripts. In both cases, the frequencies of AS events were similar to the previous studies;
1 RI events were the most abundant ones and AA events were the next.
Analysis of the number of AS events per gene
Six hundred and one genes were classified as novel AS variants, which was unexpected because we chose full-length cDNA clones that already had AS events in their sequenced 5 0 /3 0 regions. These 5 0 /3 0 sequences and AS events have already been registered to the GenBank database. 7, 12, 13 Since the TAIR group makes efforts to continuously update the gene models, including the AS information, 18 it was expected that the AS events in previously sequenced regions would have been included in TAIR's annotation and classified as known AS events. Thus, we thought that the 601 novel AS variants must contain additional AS events in their novel sequence regions. We compared the regions containing the AS events with the regions that were sequenced previously (as 5 0 /3 0 sequences). Out of the 980 AS events without corresponding events in TAIR, 638 AS events were present in the previous 5 0 /3 0 sequences (Fig. 1, Supplementary Table S2 ). We concluded that the main reason why we found so many novel AS events was that some of the AS events found in the previous 5 0 /3 0 sequences were not reflected in TAIR's annotation. It might be due to TAIR's policy in the database update to exclude alternatively spliced mRNAs with premature termination codons. 18 Despite that we found many AS events corresponded with the previously sequenced partial sequences, we still found 342 novel AS events in the newly sequenced regions. This result showed that transcripts with AS events tended to have additional AS events in other positions, suggesting that the number of AS events in a single gene should be much greater than what is currently known. Next, we compared the number of AS events per gene between the current data set and TAIR. The average number of AS events per gene was found to be 2.0 in the TUs that corresponded to the current transcripts. On the other hand, it was 1.4 for the genes that had more than two mature mRNA structures in TAIR's annotation. In the current data set, a higher fraction of genes had more than two AS events compared with the genes in TAIR's data set ( Supplementary Fig. S1 ). These differences were statistically significant (P , 2.2E216) with a MannWhitney test. Therefore, we concluded that Arabidopsis genes should have more AS events per gene. In the current analysis, a further sequencing effort showed many more AS events in Arabidopsis. This finding was consistent with a previous report, in which the frequency of AS events is correlated with the abundance of EST/full-length sequences. 22 Further sequencing should show that more AS events occur in Arabidopsis.
Analysis of the pattern of AS event combinations
in each gene In the current study of AS events, specific patterns of AS event combinations preferentially occurred. To confirm this result, we focused on transcripts that had more than two AS events. Among the cDNAs characterized in this study, 354 transcripts had more than two AS events. The number of combinations between adjacent AS events was examined and compared with expectation values that were calculated from the frequencies of every AS event type found in the 354 transcripts ( Table 2 ). The frequencies of the individual AS event types were similar between the 601 novel AS variants and the 354 AS variants with multiple AS events (Tables 1 and 2 ). The four combinations (AD -ES, AD -AA, ES -ES and ES -AA) were observed more frequently than expected, which was statistically significant (P , 0.01 in a binomial test; Table 2 ). The combination of RI -RI was also observed more frequently than expected, although this was not statistically significant (P ¼ 0.106 in a binomial test). The prominence of these five combinations suggests the following two models for AS patterns: combinations of AD -ES (012 times) -AA and multiple repeats of RI (28 times) events. Out of our 601 novel AS variants, the former model was found in 80 transcripts and the latter was found in 125 transcripts (examples in Fig. 2 ). In a previous study, Wang and Brendel 1 analyzed AS events in Arabidopsis and rice and concluded that most AS events were mutually independent. The reason why their conclusions and ours were different might be due to that we analyzed the sequences of full-length cDNAs in the current studies, whereas Wang and Brendel treated the data sets including a vast amount of partial read sequences. Analysis of full-length cDNAs showed possibilities that some AS events in a transcript were related each other.
It should be noted that 26 out of 125 transcripts with multiple RI events consisted of single exons. Most of these transcripts seemed to be mature mRNAs, because 21 out of 26 had clear poly-A tails. However, it was still possible that these transcripts without intron splicing were immature mRNAs, and therefore they were excluded. In this case, the probability of RI events was 0.40. As a result, the number of RI -RI combinations was 157, which was still greater than the expectation value (114.9). Fig. 2B shows an example of a combination pattern in which multiple, but not all, introns were retained in a single transcript. Thus, the model of multiple repeats of RI events was also enriched in the current data set.
We also classified the AS events by their direction, as in-and out-type events (see Section 2 for details). The direction of AS events showed that for two adjacent AS events, a single direction was preferable (Supplementary Table S3 ). This was clear when the adjacent events consisted of the same type of AS event (e.g. ES -ES or RI -RI, which was frequently observed in the analysis of the patterns of AS event combinations). This observation was supported by a chi-squared test with a P-value of ,2.2E216. Interestingly, this trend was still statistically significant in cases of combinations that were made up of two different AS events (P ¼ 1.7E207 in a chi-squared test; Supplementary Table S3) .
For further evidence, we analyzed all public fulllength cDNAs of Arabidopsis and rice, respectively (Supplementary Tables S4 and S5) . Both results were similar to those of current study concerning the combination of AS events types and directions of the AS events. Thus, we concluded that transcriptome of land plants had preferred combinations of AS event types and directions.
Potential AS regulatory mechanisms
In the first step of intron splicing in plants, it is thought that the splicing machinery recognizes the intron sequences. In contrast, exon sequences are recognized in mammals. 23 The present study demonstrates that specific patterns of combinations and directions of AS events are preferred in Arabidopsis. Our results are consistent with a model in which the splicing machinery recognizes intronic sequences. 23 If trans-acting factors, which recognize weak splicing enhancers in introns (called intronic splicing enhancers, ISEs 24 ), are abundant in the nucleus, then the recognized regions are spliced out (Fig. 3) . This model was similar to the previous one which had explained abundant RI events in plants. 1 However, we thought that this model could also explain the existence of another special type of combination of AS events; AD -ES -AA (Fig. 3B) . When some trans factors recognize weak splicing signals which lay on close positions, one huge intron might be spliced out from a pre-mRNA.
It is unclear whether or not the same trans-acting factors recognize both weak ISEs and constitutive splicing signals. However, some SR proteins are candidate trans-acting factors in the proposed model. SR proteins are splicing factors that are involved in constitutive and AS. 25 It is known that the regulation of many SR proteins is complicated and can vary by tissue and stress conditions. 6, 10 It has also been noted that some SR proteins can recognize ISEs. 24 On the basis of these evidences, it may be possible that SR proteins work as trans-acting factors. Future work must focus on elucidating the ISEs and trans-acting factors in this model.
It should also be noted out that our current results are consistent with our previous work on AS profiles. In the previous work, we found a tendency to select cassette exons, retain introns and select AD and acceptor sites to make longer mRNAs in plants during conditions of cold stress. 7 All these tendencies could be explained by the fact that in-type events are more frequent during cold stress. In the current analysis, we had 32 transcripts with 111 AS events from a library of cold-treated plants. Out of the 111 AS events, 77 (69%) were in-type AS events. In 324 transcripts with multiple AS events, 569 of 1142 (50%) AS events were in-type events. These differences were statistically significant by a chi-squared test (P , 0.001). It may be possible that one or more trans-acting factors that recognize weak ISEs are down-regulated in response to cold stress. Interestingly, microarray analysis 26 showed that expressions of many SR protein genes largely changed under cold stress conditions (Supplementary Table  S6 ). Such regulation on SR proteins might change AS profiles in a large scale. UTRs from the data set of the 601 novel AS variants. Similar to mammals, it was reported that nonsensemediated mRNA decay (NMD) mechanism exists in Arabidopsis. The NMD mechanism takes transcripts that have exon junctions downstream of the termination codon and causes them to decay. 27 Although we may not know the actual CDS encoded by the transcripts, the number of transcripts with 3 0 UTRs that contain introns appears to be large. In addition, comparison of functional motifs between the CDSs of AS variants and their reference proteins showed that most AS variants encoded proteins that lacked some functional domains. For 460 out of 549 genes that provided the novel AS variants, we could assign at least one functional domain for the CDS encoded in the AS variant and/or its reference transcript (Supplementary Table S7 ). In the protein sequences encoded by the novel AS variants, 392 (85%) had a reduced number of functional domains in comparison with their reference protein sequences (Supplementary Table S7 ). Only four transcripts had additional motifs when compared with the reference protein sequences. These results seem to show that most AS events decrease the functionality of protein products. We hypothesize that many AS events regulate the amount of functional protein by making mRNAs that are targeted by the NMD or by making mRNAs that encode non-functional proteins. This view is consistent with our previous results from a study on SR proteins in Arabidopsis, rice and moss. 28 In this case, three independent AS events of mRNAs encoding SR proteins with incomplete RNA-binding domains were highly conserved in land plants. Similar models have also been proposed for AS events in animals. 29, 30 Our current results support the existence of a similar regulatory system in Arabidopsis.
In the same time, some AS events possibly modulated functions of proteins with multiple domains. A locus AT1G09640 encodes a protein with glutathione S-transferase (GST) domains and elongation factor (EF) 1 gamma domain (Fig. 4A) . It was thought that GST activities regulated assembly of a complex containing EF1 subunits and aminoacyl-tRNA synthetases. 31 An AS variant encoded a protein with GST domains but not EF1 gamma domain (Fig. 4A) , which might not be a member of the complexes or have some regulatory roles on assembly of the complex. Another example was found in the locus AT1G10290 encoding dynamin-like protein, ADL6. It was reported that ADL6 had a function in vesicle trafficking from the transGolgi network to the central vacuole. 32 This protein has dynamin domains followed by pleckstrin homology domain which was required for interaction between the protein and lipid 32 (Fig. 4B ). An AS variant encodes a protein without dynamin domains, which should lack dynamin activities but may have activities of interaction with lipids. This AS isoform protein possibly affects activity of the intact proteins. These examples showed that some AS events can modulate functions of proteins especially for ones with multiple domains.
We also checked the CDSs of the 14 chimeric transcripts. Of these, only one transcript (MAS-001H13) had an ORF that spanned between the first and second genes (Supplementary Fig. S2 ). The transcript was a fused mRNA that began with the AT3G63340 locus (encoding a protein phosphatase 2C-related protein) and ended with the AT3G63330 locus (encoding a protein kinase). Still it is hard to image a function for the protein product of this chimeric transcript, but it is likely that this chimeric protein would function in both adding and removing phosphate groups on target proteins.
Summary
In the current study, we fully sequenced 1800 fulllength cDNAs. Even though this data set was not large, it suggests the possibility that many more AS events occur in Arabidopsis than expected. Furthermore, the analysis of multiple AS events in individual genes suggested a regulatory mechanism that controls AS profiles. We hypothesize that some splicing regulatory elements and trans-acting factors are involved in the regulation of AS profiles. Further computational and experimental approaches should help clarify these cis-and trans-acting factors. We also examined coding potentials and protein sequences in the current study. It was interesting that many transcripts seemed to be targeted by NMD and/or to encode potentially non-functional proteins. More integrated analyses of the regulation of AS profiles and coding potential should give us a greater understanding of the importance of AS in Arabidopsis and other plants.
